Electromagnetic Microscope for Deep, Pulsed, Eddy Current Inspections by Podney, Walter & Moulder, John
ELECTROMAGNETIC MICROSCOPE FOR DEEP, PULSED, EDDY 
CURRENT INSPECTIONS 
Walter Podney 
SQM Technology 
La Jolla, CA 92038 
John Moulder 
Iowa State University 
Am es, IA 50011 
INTRODUCTION 
Superconductive quantum interference devices (squms), pattemed in copper oxide 
superconductor, offer new technology for eddy current evaluation of materials using 
pulsed currents. Their high sensitivity at low frequency1 enables penetration of 15 mm or 
so of aluminum, through multiple layers, to identify millimeter fatigue cracks and material 
loss of a few percent from corrosion in underlayers[1][2]. Pulsed eddy currents[3] provide 
a three dimensional view of defects in sublayers and enable tomographic sectioning of 
multilayer structures. Together with SQUIDs, they would give an ELECTROMAGNETIC 
MICROSCOPE for examining fatigue darnage and corrosion in underlayers of structures. 
MEASUREMENTS 
Measurements use a test bed instrument to examine performance expected of an 
ELECTROMAGNETIC MICROSCOPE. The test bed uses low-temperature superconductors, 
cooled to ...... 5 K by a cryogenic refrigerator. Source coils and pickup loops2 standoff 1.5 
mm from a work surface, behind a sapphire window in the vacuum jacket. A flexible, 
cryogenic umbilical3 keeps the source and pickup loop at 5.5 K and connects the pickup 
loop to a SQUID on the cold pad of the refrigerator. 
A tapered square wave at 100Hz (10 msec repetition) drives a peak current of 1 A in 
the source coil. A digital signal processor (DSP) feeds back the pickup loop response 
1A SQUID can resolve magnetic flux of 0.1 'Po j..)Hz, at pickup loops 1 nun in diameter, unifonnly 
from 1 Hz to 10kHz. A conventional eddy current coil of 500 tums, operating at 100Hz, resolves a flux of 
105 'Po J.,fiiZ. A quantum of magnetic flux, <p0 , is 2.07 x I0-15 Webers. 
2Sowce coils and pickup loops are NbTi wire wound on a fiber glass substrate. 
3The umbilical is copper braid inside a flexible vacuum jacket, 600 nun long. The braid thennally links 
the sowce coil and pickup loop (5.5 K) to the cold pad ofthe refrigerator (4.5K). 
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to the SQUID, in order to suppress interference from the source. Averaging thirty or so 
pulses reduces peak noise to 0.05 cp0 • The DSP memory stores 100 data samples over 30 
seconds, with each sample an average of 33 pulses. A scan rate of 1 mrnlsec covers 30 
mm in 30 sec, which gives "'3 data points for each millimeter. 
Coil Configurations 
Figure 1 shows coil configurations evaluated using the 5 K test bed. The configuration 
on the left is a source coil encircling a differential pickup. The source coil is 10 turns of 
NbTi wire, wound on a 16 mm diameter. The differential pickup is a pair of concentric 
coils. The inner coil, wound with -4 turns of Nb Ti wire, is 2 mm in diameter. The outer 
coil is a single turn, 4 mm in diameter. The configuration measures thickness changes 
with high sensitivity, because of the mutual inductance between the source coil and 
pickup loop. Its resolution is poor, because of the large diameters of the pickup coils 
. The configuration on the right detects cracks with high resolution, because the pickup 
loop at the center is 1 mm in diameter. Parallel line segments form a gridiron source, 
with 0.5 mm spacing. Electric current returns through outer segments. Mutual inductance 
between the source and pickup vanishes to first order (null coupled), so the configuration 
is insensitive to changes in thickness as weil as Iift-off. 
Thickness Measurem~mJL 
Figure 2 shows the response of the circular coil configuration of Figure 1 to a change 
in thickness from 6 mm to 5 mm of aluminum. The peak response4 of about 2. 75 cp0 is 
at the rise and fall of a rounded, square pulse of 1 A with a 30 msec pulse width. The 
peak response decreases to 0.6 cp0 for a change in thickness from 10 mm to 11 mm. A 
change in thickness from 15 mm to 16 mm gives a peak response of 0.15 cp0 , which is 
three times the peak noise of 0.05 cp0 • Thickness measurements demoostrate penetration 
through 15 mm of aluminum. 
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Figure 1 Coil configurations used for thickness measurement (left) and for crack detection 
(right). 
41be instrument noise is about 0.05 tp0 • A flux quanta, tp0 , is 2.07xlo-15 Webers. A response of one 
flux quantum corresponds to a flux density of 0.5 p.T, or 5 mG, in a loop 1 mm in diameter. 
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Figure 2 Response to a change in thickness from 5 mm to 6 mm. The peaked, bipolar 
trace marks the response to a rounded, square pulse of 1 A with a 30 msec pulse width, 
marked by the unipolar trace. 
Figure 3 is the response of a conventional, pulsed, eddy current probe to a change in 
thickness from 6 mm to 5 mm of aluminum. The probe uses a coil wound with 1140 
turns of 36 AWG copper wire on a mean diameter of 16 mm over a length of 8 mm. 
A square wave voltage pulse5 at a repetition rate of 100 Hz drives the coil. The peak 
response to a 1 mm aluminum plate added to a 5 mm aluminum plate is 120 pV at "'0.3 
msec after onset of the pulse. The response to a 1 mm plate added to a 10 mm plate is 
below the peak noise voltage of the measurement, "' 5 J-L V The conventional probe6 fails 
to penetrate 10 mm of aluminum. 
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Figure 3. Response of a conventional, pulsed, eddy current probe to a change in thickness 
from 5 mm to 6 mm of aluminum. 
5Rise time of the valtage pulse is 2 J.LSec. 
6 A coil about 25 rnrn in diarneter is needed to penetrate 10 rnrn. 
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Crack Detection 
Figure 4 shows the response of the gridiron configuration to a 1.8 mm crack in the 
second layer of a lap joint1 at a fastener hole, from a scan across the fastene..S. The 
connected circles show a 5.6 cp0 oscillation across the fastener. The !arge peaks mark the 
edges of the fastener hole. Adding the left side (<-10 mm) to the right side (0 to -10 
mm) of the fastener response gives the residual marked by the flat trace from 0 to 7 mm. 
The peaked curve from 0 to 7 mm marks the response from a 1.8 mm crack in the second 
layer running from the edge ofthe fastenerhole at 2 mm to 3.8 mm. The -0.5 cp0 peak in 
the trace marks the tip of the crack. near 3.8 mm 
Figure 5 shows the response of a gridiron coil configuration, shown in Figure 1, to 
scanning along the length of a 25 mm long crack, through a 1 mm aluminum sheet, under 
a 5 mm aluminum plate. Electric current in the gridiron source is a rounded square pulse 
of 1 A with a 5 msec pulse width. The scan rate is about 1.5 mm/sec, which gives an 
inspection rate of 10 cm/min. The peaks mark the ends of the crack and measure its 
length. 
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Figure 4 Response from a 1.8 mm crack in the second layer at a fastener hole, during a 
scan across a fastener. The connected circles mark a 5.6 cp0 excursion across the fastener. 
The peaked curve from 0 to 7 mm marks the "'0.5 cp0 response from a crack, aft.er 
removing the fastener response. 
7Three rows ofBACR15CE5D fasteners, spaced 25 mm (1") apart, join two 1 mm (0.040") thick 2024-TI 
AL clad aluminum plates that overlap 75 mm (3"). A third 1 mm (0.040") thick p1ate, 25 mm (1") wide, 
backs up the middle row of fasteners. 
8 Time at each position is the time of maximum response to a pulse. 
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Figure 5 Response to a 25 mm crack under 5 mm of aluminum 
PROTOTYPE DESIGN 
7 
High sensitivity at low frequencies with minute pickup loops, offered by SQUIDs alone, 
enables arrays that can give images of defects in underlayers, with high resolution and 
without disassembly. Images pinpoint fatigue cracks, identify their orientation and size, 
show their number and depth, and so give a profile of fatigue damage. High temperature 
superconductors can bring the arrays into common use. They enable packaging them in 
a hand-held, refrigerated instrument without cryogenic encumbrances. It would give a 
hand-held, ELECTROMAGNETIC MICROSCOPE for deep, pulsed, eddy current inspection 
of multilayer structures. 
Cryogenics 
Figure 6 shows a design of a prototype, hand-held, ELECTROMAGNETIC MICROSCOPE 
with a cryogenic battery and an integral cryocooler, the Inframetrics, Inc. microcooler. 
The battery core is 700 g of OFHC9 copper in a cylinder 50 mm in diameter and 38 mm 
long. It warms 1 K/hr from 65 K to 75 K at a base heat Ioad of 44 mW. Allowing 10 
mW for electrical Ieads and 50 mW for drive current heating gives a total heat Ioad of 
about 100 mW, which increases the rate of warming to 2 Klhr and gives about 5 hrs of 
operation. 
9 Alloy 101 is oxygen free, high conductivity (OFHC) copper. 
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Figure 6 Cryogenic battery with integral microcooler. The turnbuckle compresses and 
extends the bellows at the rear of the unit to make and break thermal contact between the 
cold pad of the microcooler and the copper core, shown at open contact. The copper core 
is 50 mm in diameter, 38 mm Jong, and weighs 700 g. Overall, the unit is about 90 mm 
(3.5 in.) in diameter, 200 mm (8 in.) tall and weighs about 1,550 gor 3.5 lbs. 
The microcooler provides 100 m W of cooling at 65 K and 180 m W at 77 K, from 3 W 
of power. Its average cooling capacity from 300 K to 77 K is 0.65 W. Cooling the core10 
initially from room temperature to 70 K requires 25 hours. The margin for cooling the 
core at 80 K is about 130 mW, so recharging after 5 hours of operation requires 3 to 4 
hours. The battery weighs about 1300 g, and the microcooler, 250 g, giving a weight of 
about 1,550 g or 3.5 lbs. for the unit, somewhat less than a drill motor (1,746 g). 
During operation the microcooler detaches from the core, by using the turnbuckle 
to extend the bellows at the base of the battery, and shuts down. The core maintains 
operating temperature for four to six hours. The turnbuckle compresses the bellows and 
brings the microcooler in contact with the core for recharging the battery. 
The SQUID array fixes to a sapphire substrate making thermal contact to the copper 
core. It is 2 mm behind the sapphire window at the top of the unit. Thermal conductivity 
of sapphire is close to that of OFHC copper at 70 K to 80 K, but sapphire is electrically 
insulating. 
Array Configuration 
Figure 7 shows a modular array of twenty five (25) pickup loops, each 1 mm in 
diameter, inductively coupled to five (5) SQUIDs, one for each column. Each column is 
10Its thennal mass is 58 kJ for cooling from 300 K to 70 K. An average cooling capacity of 0.65 W 
requires 25 hours to cool 58 kJ. 
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a module of five pickup loops coupled to a SQUID through a flux manifold. Josephson 
junctions in a manifold switch flux from each loop to a SQUID, in order to electronically 
scan the array. The five modules sit on a gridiron source with line elements spaced 1 mm 
apart in a film of high temperature superconductor. A second, orthogonal gridiron source 
would enable a circularly polarized source current. The array moves along its columns. 
It skews perpendicular to the direction of scan in order to increase resolution, for a fixed 
density of elements. 
For an array of n x n elements, the relation 
L Rs = ---;----:-;-
n(n -1) (1) 
gives the spacing of scan lines, R8 , with L = se(n -1), provided spacing between centers 
of pickup loops, se, exceeds their diameter. The densest 20 mm square array of 1 mm 
diameter pickup loops has 21 x 21 elements. It gives a lateral resolution of 47.6 microns. 
Figure 8 shows a module. It is five pickup loops, pattemed in a film of copper oxide 
superconductor, that connect in parallel to a flux manifold . Loops are 1 mm in diameter 
and spaced 5 mm between centers. The manifold couples inductively to a SQUID. 
Josephson junctions in the manifold switch magnetic flux from each pickup loop to the 
SQUID. Switching enables scanning the array electronically and suppresses interference 
between pickup loops. The SQUID is pattemed on a separate film, in order to increase 
yield. It couples to the pickup module by an inductive link. 
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Figure 7 Twenty five element array of pickup loops inductively coupled to five squids, 
one for each column. Columns skew 1 mm between rows, spaced 5 mm apart, to give a 
uniform line spacing of 1 mm. 
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Figure 8 Pickup loop module coupled inductively to a squid. Spacing of pickup loops, 1 
mm in diameter, is 5 mm along a 28 mm long by 5 mm wide module. 
CONCLUSION 
Design of a hand-held, ELECTROMAGNETIC MICROSCOPE uses an array of high-
temperature squids to record magnetic patterns of eddy currents induced by a pulsed 
current. Measurements of performance, using a 5 K test bed, demonstrate penetration of 
pulsed currents through 15 mm of aluminum and detection of millimeter cracks at depths 
to several millimeters in aluminum. The results demonstrate that pulsed eddy currents 
together with SQUIDs can provide penetration, resolution, discrimination, and scan rates 
needed to examine fatigue darnage and corrosion in sublayers of structures. 
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